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Abstract. Intensity scintillation variances and intensity probability den-
sity functions (PDFs) were experimentally measured for broadband (2
nm), 980-nm laser light reflected by two or more corner cube retroreflec-
tors as a function of retroreflector lateral spacing over a short (75 m)
atmospheric optical path. The PDFs transitioned from broad double-
peaked beta-shaped densities to lognormal as the retroreflector spacing
was increased to exceed the optical field’s lateral coherence length. Spe-
cific spacing for a given average atmospheric structural Cn

2 eliminated
interference between the light beams returned by the retroreflectors.
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1 Introduction

High-power, low-coherence-volume lasers are useful
free-space atmospheric optical communication links.
some applications, retromodulators can be useful for opt
terminals in asymmetric links.1,2 In applications typically
requiring transmission over longer ranges, an array of
vices is sometimes necessary for a wider field of regard
close a given link. However, in applications where comp
arrays are required, partial coherence can cause losse
to interference effects between colocated retroreflectors

For such a link propagating in the atmosphere, two
fects can contribute to channel degradation. The firs
scintillation and turbulence, and the second is partial spa
coherence. The latter manifests itself as constructive or
structive interference of the intensity-modulated light
flected from each element in the retroreflector array. In
der to mitigate this effect, each retroreflector should
located in a different coherence volume of the transmit
light beam. Otherwise, additional intensity fluctuations d
to the coherent interference between the retroreflected
beams will be present in the returned beam. This effect
combine with scintillations induced by atmospheric turb
lence and further degrade the channel below the le
caused by the turbulence alone. This problem sets the s
for our initial investigation into how to characterize an
separate out these effects through such a channel.

The use of high-power, broad-linewidth~'2 nm!
980-nm laser diodes is particularly attractive for this app
cation. The very small coherence volume associated w
such lasers makes it possible to space the individual
roreflectors closely while still locating them in separate c
herence cells.
Opt. Eng. 43(11) 2689–2695 (November 2004) 0091-3286/2004/$15.00
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This paper reports the results of measurements of in
sity fluctuations as a function of retroreflector spacing
ranges up to 100 m using a continuous-wave laser
980-nm laser diode that had a 2-nm bandwidth was use
the source. The retroreflectors were spaced in a plane
mal to the beam propagation. Intensity probability dens
functions~PDFs! were measured for the returned light r
flected by a single retroreflector, by a pair of retroreflect
equally spaced from the laser beam center, and by up to
retroreflectors symmetrically located about the beam cen
The results indicate that for a sufficiently large spacing
tween two or more retroreflectors, the intensity PDFs w
always lognormal. In the case of two closely spaced r
roreflectors, the intensity PDFs were U-shaped~or beta-
shaped! densities3 that eventually became lognormal as t
spacing between the retroreflectors increased to the p
where the optical fields reflected from them became sta
tically independent of each other.

2 Theoretical Considerations

The geometry of the problem is shown in Fig. 1. It is e
sentially the configuration of a monostatic laser radar,
that the transmitter and receiver are colocated, but there
two or more reflectors, rather than just one. Furthermo
the return light paths from the retroreflectors are not co
pletely overlapping. Consequently, the amplitude and ph
fluctuations of the return light from each reflector are infl
enced by both folded path and reciprocal pa
contributions.4 At the receiver, there will also be amplitud
and phase variations due to constructive and destruc
interference between the beams returned by the retrore
tors if they are not located in completely independent
herence volumes of the illuminating beam.
2689© 2004 Society of Photo-Optical Instrumentation Engineers
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Davidson et al.: Measurements of intensity scintillations . . .
The expected lateral coherence distance of the illum
tion beam at the planez5L of the target retroreflectors i
given by5

G2~d,L !

G2~0,L !
5expF2

1

4
LS kd2

L D2
3

8
aS qkd2

L D 5/6G , ~1!

whered is the transverse distance between the field po
and k is the wave vector. The other quantities areq
51.22(s1

2)6/5, the Rytov variances1
251.23Cn

2k7/6L11/6, L
52L/kW2(L), a5(12Q8/3)/(12Q), and Q51
1L/R(L), where the Gaussian beam waist and radius
curvature at distanceL are denoted byW(L) and R(L),
respectively. The lateral spatial coherence length is
tained by finding the valued5dc that renders the argumen
of the exponential in Eq.~3! equal to21. For these experi-
ments, this distance is on the order of a few centimeters
the path lengths andCn

2 values@'(1 to 5)310214m22/3#
of our measurements. The receiver beam parameters
L50.0045 @W(L)57.54 cm# and Q50.005 @R(L)'L
575 m#.

There are two additional phenomena that influence
tensity scintillation levels at the receiver. The first is r
sidual turbulence scintillation~RTS!,6 which arises when
the size of the retroreflector~or scattering particle! is small
compared to the intensity fluctuation correlation scalel I

5AlL/2p, which is about 3.4 mm for these experimen
The diameter of the retroreflectors used was 6 mm, so
reflected light could not be considered as arising from
ther a point or an extended (diameter@ l I) source. Conse-
quently, the RTS contribution to the intensity scintillation
the receiver will be somewhat less than values theoretic
predicted for a point scatterer. The other effect is enhan
backscatter~EBS!, also known as the backscatter ampli
cation effect.4 This effect manifests itself as an increase
mean irradiance at the receiver due to correlations betw
the illuminating and return beams that traverse the sa
optical path but in opposite directions. For a point reflec
illuminated by a spherical wave, the enhancement facto
given by (0.5Cn

2k7/6L11/6)1/2, or about 0.07 for these exper
ments. The short path lengths and weak turbulence co
tions render EBS effects negligible for these measureme

A correct theoretical description of the total field inc
dent on the receiver would involve propagation of the
flected fields from the extended sources~the individual ret-
roreflectors!, whose cross-sectional areas were

Fig. 1 Block diagram of experimental apparatus.
2690 Optical Engineering, Vol. 43 No. 11, November 2004
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considerable fraction of the spatial coherence length of
illuminating optical field, back through the turbulent cha
nel over path lengths that were only partially overlappin
The intensity scintillation at a point in the receiver pla
would therefore involve spatial integrals of the fourth-ord
field correlation function of the atmospherically corrupt
illuminating field. The total field at the receiver consists
the sum of only a small number of reflected fields, one fro
each retroreflector. It is doubtful if central-limit-theore
arguments could be used to model the total return field a
Gaussian stochastic process in order to express fourth-o
coherence functions in terms of second-order cohere
functions.

Furthermore, the very short temporal coherence time
the laser source limits the interference effects to points
the receiver plane that have optical path lengths to e
retroreflector that are the same to within one longitudi
coherence length of the optical source beam. The PDF
the optical intensity at a point in a interference patte
formed between two independent narrow-linewidth opti
sources, in the absence of fading, is U-shaped. If the
plitudes of the two sources are also random, the PDF
comes beta-shaped: the sharp edges of the U are broad
In this experiment, even if we knew the exact form of t
PDF for the field amplitude and phase of the retroreflec
fields, we could not use convolution to obtain the PDF
the total field intensity at the receiver, because the fi
components are not statistically independent. However
the absence of interference effects, the convolution of t
lognormal PDFs is approximately a lognormal PDF.7

These considerations render a proper theoretical calc
tion of the expected results well beyond the scope of t
paper. The effects of the inner scale of turbulence have
been included.8 About all that can be said is that the inte
ference between the two~or more! retroreflected beams wil
add to the intensity scintillation variance in the recei
plane to produce a larger overall intensity variance th
would occur if the retroreflected beams were statistica
independent. An indirect indication of the lateral coheren
distance in the plane of the retroreflectors can be obtai
by increasing the distance between them until the norm
ized intensity variance in the receiver plane has reached
minimum value for fixed receiver aperture size.

The normalized intensity variance in the receiver pla
was determined from the statistical properties of the pho
detector output photocurrent. The voltage output from
photodetector is related to the photocurrent produced
v0(t)5GVi (t), whereGV is the transimpedance gain. Th
photocurrent is related to the total optical power incident
the photodiode byi (t)5RI(t)5(eh/h f)I (t), whereR is
the photodiode responsivity,e is the charge of one electron
h is the dimensionless quantum efficiency of the photo
ode, andh f is the photon energy.

The mean and variance of the output voltage from
photodetector are given by9

^v0~ t !&5GVRE ^I ~ t8!&h~ t2t8!dt8, ~2!
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Davidson et al.: Measurements of intensity scintillations . . .
sv
25GV

2eRE ^I ~ t8!&h2~ t2t8!dt81GV
2R2E E K~r ,s!

3h~ t2r !h~ t2s!dr ds, ~3!

where all integrals extend from2` to `. The impulse re-
sponse function of the combination of the photodiode a
the transimpedance amplifier ish(t2t8), and the optical
intensity covariance isK(r ,s)5^I (r )I (s)&2^I (r )&^I (s)&.

In this case,h(t2t8) is causal and of sufficiently larg
bandwidth~50 kHz! that K(r ,s) remains constant over th
time scale over whichh(t2r )h(t2s)Þ0. Under these
conditions, the normalized voltage variance becomes

sV
2

^v&2
5

2Be

R^I &
1

s I
2

^I &2
, ~4!

where 2B represents an effective bandwidth given
* h2(t)dt/(* h(t)dt)2. The first term on the right-hand sid
of Eq. ~4! represents the shot noise associated with
photodetection process, and the second is the norma
variance of the light intensity fluctuations caused by
atmospheric turbulence. In the absence of optical inten
fluctuations, Eq.~4! reduces to just the variance due to sh
noise, i.e., the fluctuations in photocurrent due to
Poisson-distributed number of photons in a consta
intensity optical field.

3 Experimental Details

The experimental configuration is shown in Fig. 1. T
optical train consisted of the laser transmitter and collim
tor, the beamsplitter, the turning mirror, the focusing le
and aperture stop, and the combined photodiode and t
simpedance current amplifier. Light from the 980-nm la
diode source was coupled to the collimator lens with
single-mode fiber and directed to the target array of retro
flectors by passing through a 50:50 beamsplitter. The be
splitter redirected light reflected by the retroreflectors to
5-cm-diameter, 10-cm-focal-length lens via the turning m
ror. The effective aperture of the focusing lens was c
trolled with an iris diaphragm, which could be adjust
from 2.5 to 45 mm. A photograph of the transmitte
receiver board is shown in Fig. 2.

The detector unit was a PDA 400 and was operated a
maximum gain setting of 750 kV/A. Background light wa
eliminated with the use of a 10-nm bandpass interfere
filter. The electrical bandwidth was 50 kHz, and the resp
sivity R of the photodiode was 0.65 A/W at 980 nm. Th
output voltage was sampled by a National Instruments d
acquisition board at the rate of 104 10-bit samples per sec
ond for up to 10 s, and the digitized values stored in d
files on a portable computer.

Measurements in these experiments were made only
der conditions such that the average output voltage le
exceeded 0.1 V, which corresponds to a value ofR^I &
50.13mA. The effective bandwidth of 2B550 kHz gives
a value of 631028 for the shot noise contribution, which i
4 or more orders of magnitude smaller than the turbulen
induced expected values of the normalized optical inten
d

-

-

-

-

variance. Therefore Eq.~4! reduces to just the varianc
from just the turbulence-induced intensity fluctuation.

The Gaussian laser beam was centered on the ta
board. The 2-nm bandwidth of the 980-nm laser gives
laser temporal coherence time oft5l2/(c Dl)51.6
310212s, for a longitudinal coherence length ofct
50.5 mm. Measurements of the angular divergence of
collimated laser beam yielded a value of about 1 mrad. T
diameter of the individual retroreflectors was 6 mm.
one-way path lengths of 50 to 100 m, the beam diamete
the plane of the retroreflectors was on the order of 10 c

In order to obtain interference between the light r
flected from two retroreflectors, the optical path length d
ference must be kept less than 0.5 mm, the longitud
coherence length of the laser. This required mounting
retroreflectors on a flat target board and aligning the pl
of the target board to within 1 deg of the normal to t
propagation direction of the incident beam. A large mirr
was mounted flat on the target board immediately adjac
to the center retroreflector. The board itself could be rota
about two axes normal to the direction of beam propa
tion. A CCD camera mounted on the transmitter board w
used to detect the reflections from both the corner c
retroreflectors and the flat mirror. The target board w
aligned so that the flat mirror reflected the incident la
beam back onto the beamsplitter on the transmitter bo
thereby assuring that the plane of the target board was
mal to the beam propagation direction to within 1 de
Once the target board was aligned, the flat mirror was c
ered so that only the retroreflectors were illuminated.

The atmospheric path lengths used had to be kept s
because of the limited output power output from the la
used~100 to 300 mW!, the small areas of the retroreflec
tors, and the 6-dB power loss due to the beamsplitter.
last-mentioned could, in principle, be eliminated throu
the use of a polarization-state-sensitive beamsplitter
quarter-wave plate. The corner cube retroreflectors, h
ever, alter the polarization state of the reflected beam.
other alternative is to replace the beamsplitter with an
nular mirror that would transmit all of the laser light bu
would not reflect the exact center of the return beam.
order to keep the interpretation of the results of the m
surements as unambiguous as possible, neither of thes
ternatives was used.

Fig. 2 Photograph of laser transmitter-receiver board.
2691Optical Engineering, Vol. 43 No. 11, November 2004
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Davidson et al.: Measurements of intensity scintillations . . .
A scintillometer was used to measure values of the
fractive index constantCn

2. The atmospheric path traverse
a grassy area in full sunlight. These conditions typica
gave measured values ofCn

2 in the range 10213 to
10214m22/3. At a wavelength of 980 nm, path lengths b
tween 50 and 100 m resulted in easily measured value
the normalized intensity scintillation and spatial coheren
length.

The atmospheric-turbulence-induced intensity scinti
tion levels, which increase asCn

2k7/6L11/6,4 were quite small
for the measured values ofCn

2, and values ofs I
2/^I &2 were

typically on the order of 1023. The 10-bit quantization of
the photodetector output signals had digital quantizati
noise variance on the order of 1025. The spatial coherenc
length, on the other hand, decreases with increasing
length as5 (Cn

2k2L)23/5 and was typically a few centime
ters.

For a fixed lens aperture size, data were recorded f
different retroreflector distributions. A reference was tak
with a single retroreflector located at the center of
beam. Data were then taken from two retroreflectors sy
metrically displaced from the beam centerline by a dista
d. The center-to-center distance between retroreflectors
2d. Data were also recorded from three or more retro
flectors all equally displaced from the beam center but
from each other. This procedure was repeated for aper
diameters of 3 to 30 mm.

The normalized intensity variance and PDF for norm
ized intensity values were computed for each data file fr
records of length 100,000~10-s samples!. Spatial coherence
lengths of the optical field at the target board could
found by observing the decrease in the normalized varia
of the light returned by two retroreflectors as the separa
between them increased.

It was, of course, not possible to control values ofCn
2 for

these measurements. Many data files were taken, and t
for which it was apparent that this parameter had chan
substantially over the course of the 10 s of data acquisi
were discarded. It was often the case thatCn

2 varied by less
than a factor of 2 over tens of minutes.

In order to determine the PDF of the return light inte
sity, each recorded data file was processed by compu
the mean value of the 10-bit digitized samples of the PD
400 output voltagev. Each data point was then normalize
by the mean; the result is hereafter denoted aszi . A histo-
gram of the normalized data was computed with bin s
Dz5(5V/1024)/̂ n&. The experimentally measured PD
for z was found by dividing the total number of occurrenc
of values ofzi in the range (zi ,zi1Dz) by the total number
of data points in the file. The experimentally measured P
was then plotted as a function ofz with each data point
located atzi1(Dz/2).

In order to compare the experimentally measured P
with a lognormal PDF, a third data file consisting of th
values lnzi was created. The mean and variance of th
data points were computed and then used in the theore
expression for the lognormal PDF:
2692 Optical Engineering, Vol. 43 No. 11, November 2004
f
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p~zi !5
1

~2ps ln z
2 !1/2

1

zi
expF2

~ ln zi2^ ln z&!2

2s ln z
2 G . ~5!

4 Results

A typical result for light reflected by a single retroreflect
located at the center of the beam is shown in Fig. 3, wh
the experimentally determined points of the PDF lie ve
close to the curve predicted by Eq.~5!. Points in the wings
of the PDF that lie off the curve represent very few occ
rences of those particular values ofzi . The actual number
of events can be computed by multiplying the ordina
value by (Dz)N, whereN is the total number of data point
in the file, typically 105. For this figure, these points rep
resent one event at a PDF value of 1023. The measured
variances ln z

2 52.5831023 for this beam divergence, beam
waist, and distance gives an inferred value ofCn

252
310214m22/3, found by using the formulas in Table 2 o
Ref. 10. This value is well within the range of those reg
tered by the scintillometer.

The PDF for light reflected by two closely spaced re
roreflectors is clearly not lognormal, as shown by the d
of Figs. 4~a! to 4~d!. These graphs are plots of experime
tally determined PDFs with the receiver aperture diame
DR as a parameter for a fixed retroreflector spacing of
mm.

Figures 4~a! to 4~d! show the experimentally obtaine
PDFs for a retroreflector spacing of 10 mm and a range
receiver aperture diameters from 3 to 30 mm. The PDFs
always double-peaked functions with the height and sy
metry of the peaks dependent on the exact turbulence
ditions. The data indicate the presence of interference
tween the retroreflected beams, which makes the PDF
the intensity in the receiver plane decidedly not lognorm
in shape. Figures 5 and 6 show transition to lognorm
behavior as the retroreflector spacing is increased with
lens aperture diameter as a parameter.

Figures 4 through 6 show the passage from doub
peaked to lognormal as the retroreflector spacing is
creased, and/or as the aperture diameter of the receive
cusing lens is increased. The solid lines in these figu
represent a lognormal PDF as computed from Eq.~5! using

Fig. 3 Measured PDF for normalized intensity of light reflected by a
single retroreflector located at the beam center over a 75-m atmo-
spheric path. Solid curve represents lognormal PDF with s ln z

2

52.5831023 and step size Dz51.331022.



Davidson et al.: Measurements of intensity scintillations . . .
Fig. 4 Experimentally determined PDF(z) versus z for retroreflector
spacing of 10 mm and lens aperture diameters of (a) 3 mm, (b) 10
mm, (c) 20 mm, and (d) 30 mm.
Fig. 5 Experimentally determined PDF(z) versus z for a retroreflec-
tor spacing of 20 mm with lens aperture diameter as a parameter.
Solid curves represent lognormal PDF. Parameter values are (a)
DR53 mm, s ln z

2 51.0931021, Dz52.3931022; (b) DR510 mm,
s ln z

2 55.3831023, Dz55.9631023; (c) DR520 mm, s ln z
2 56.61

31023, Dz56.0631023; (d) DR530 mm, s ln z
2 56.0231023, Dz

55.8931023.
2693Optical Engineering, Vol. 43 No. 11, November 2004
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Davidson et al.: Measurements of intensity scintillations . . .
Fig. 6 Experimentally determined PDF(z) versus z for a retroreflec-
tor spacing of 60 mm with lens aperture diameter as a parameter.
Solid curves represent lognormal PDF. Parameter values are (a)
DR53 mm, s ln z

2 54.3631023, Dz52.2831022; (b) DR510 mm,
s ln z

2 52.0731023, Dz56.6531023; (c) DR520 mm, s ln z
2 53.63

31023, Dz56.5231023; (d) DR530 mm, s ln z
2 52.8431023, Dz

56.4731023.
2694 Optical Engineering, Vol. 43 No. 11, November 2004
values of^ ln z& ands ln z
2 determined directly from the dat

file. The values ofs ln z
2 represent the variation in values o

Cn
2 from data file to data file. These ranged in value fro

about 1310214 to about 5310214m22/3 for the data files
that fit a lognormal PDF model.

Figure 7 shows an experimentally measured PDF for
case of two retroreflectors spaced 10 mm apart but se
rated by several centimeters in the beam propagation di
tion so that the retroreflectors were in different longitudin
coherence volumes. These PDFs were always lognor
regardless of the lens aperture diameter.

Through Eq.~1!, the measurements described give
indirect indication of the lateral spatial coherence length
the beam at the retroreflectors, through the dependenc
retroreflector spacing, and at the receiver, through the
havior of the PDFs as a function of aperture size. T
Gaussian beam used in these experiments had the va
Q50.005 andL5431023 at L575 m. Figure 8 shows the
behavior of dc as found from Eq.~1! over the range
10215<Cn

2<10213. This figure indicates that the lateral co
herence distance should be on the order of 15 to 55 mm
is very consistent with the behavior of the experimenta
determined PDFs.

Finally, the behavior of the variance of the intensi
fluctuations of the retroreflected light is shown in Fig.

Fig. 7 Experimentally determined PDF(z) versus z for light re-
flected by two retroreflectors spaced 10 mm apart in the transverse
direction and 3 cm apart in the beam propagation (longitudinal) di-
rection.

Fig. 8 Computed values of optical field lateral coherence length rc
as determined from Eq. (1), as a function of the turbulence param-
eter Cn

2.
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Davidson et al.: Measurements of intensity scintillations . . .
The behavior is independent of the form of the PDF and
shown as a function of retroreflector spacing. The pl
show the normalized intensity variances I

2/^I &2, as deter-
mined directly from the data files, versus retroreflec
spacing for lens aperture diameters of 3, 5, 10, and 30 m
If the PDF for the returned light intensity is lognormal, the
s I

2/^I &25exp(4sx
2)21, where 4sx

25s ln z
2 . Figure 9 shows

that in order to operate this system with minimal bit err
rate, the retroreflector spacing should be about 60 mm
order fors I

2/^I &2 to reach its minimal value on the order o
1023, which will also result in a single-peaked lognorm
PDF for the normalized optical field intensity.

If more than two retroreflectors are used, the PDF for
photocurrent has no definite form; it is broad, may ha
multiple peaks, and is not lognormal. Once the spacing
tween every pair of retroreflectors exceeds the lateral s
tial coherence distance, or all individual retroreflectors
located in independent coherence volumes, the PDF for
photocurrent is again lognormal, and a minimal bit er
rate should result.

5 Conclusions

The performance of an optical link that uses an array
retroreflectors depends strongly on the placement of
individual retroreflectors in the target plane. Intensity flu
tuations arise from coherent interference at the receiver
tween light beams reflected by the individual retroreflect
and can be mitigated through cognizance of this effect. O
solution is to use a laser beam that has a low cohere
volume transmitted with minimal divergence angle so t
the retroreflectors can be closely spaced, yet located in
dependent coherence volumes. Broad-linewidth, 980
high-power diode lasers appear to be a good candidate
use in these types of systems.

Fig. 9 Experimentally measured values of normalized intensity vari-
ance s I

2/^I&2 as a function of retroreflector spacing with lens aper-
ture diameter as a parameter. For the lognormal PDFs, s I

2/^I&2

5exp(4sx
2)21.
.

-
-

-

e

-

r

The results of the experimental measurements to in
rectly determine lateral coherence distances, reported h
clearly show the evolution of the PDF of light intensi
from broad, multiple-peaked densities to single-peaked l
normal densities. The normalized intensity variance in
receiver plane is shown to be determined by both the tra
mitter Gaussian beam parameter and the atmospheric
bulence levels~which determinedC), as well as by the
spacing between the retroreflectors. The particular la
used here had a coherence volume of approximatel
cm230.5 mm50.3 cm3 after propagating 75 m through a
mospheric turbulence characterized by values ofCn

2 in the
range of 10214 to 10213m22/3.

Measurements of the normalized intensity variance
light reflected by two or more retroreflectors can be used
infer the bit error rate performance of an actual commu
cation system using retromodulators. Future work will e
plore how an array of multiple quantum well~MQW!
modulating retroreflectors can be configured to mitigate
herence effects.
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